Résumé. - Abstract. -In this paper a general quantum mechanical treatment of photodissociation and fluorescence from the fragments in the case of direct dissociation as well as in the case of photo-predissociation is presented. This formulation takes into consideration all the possible coherence effects coming from quantum interference between photodissociation amplitudes to different magnetic sublevels of the fragments. This results in large differences between classical and quantum results for the degree of polarization of the light emitted from photofragments.
Introduction.
The most detailed and important information on photofragmentation dynamics is provided by the analysis of the state of the fragments : angular, velocity and internal state distributions [1] . Such A particularly interesting situation arises when the fragmentation produces electronically excited fragments which fluoresce. The measurement of this fluorescence gives direct information on the internal state distribution of the fragments. In particular, the polarization of the fluorescence emitted by the fragments yields information concerning the alignment and orientation of the fragments, as well as on the nature of the photon absorption, the dynamics of the half-collision process, etc. This situation is not restricted to photodissociation experiments since similar examples are found in photoionization processes [2] as well as in chemiluminescence reactions [3] .
The possibility of observing fluorescence polarization from fragments in molecular dissociation processes was proposed by van Brunt and Zare [4] . Defining the degree of polarization by where III and Il are the intensities of the fluorescence with polarization parallel and perpendicular to the polarization of the incident photon, they carried out the calculation in two steps : 1) evaluating the parallel and perpendicular polarization intensities for each possible orientation of the intemuclear axis in space; 2) averaging the intensities over the angular distribution of the internuclear axis produced by the photodissociation process.
From their calculation van Brunt and Zare [4] concluded that two necessary conditions for polarization are : (a) an anisotropic angular distribution of dissociation products, (b) a preferential population of the magnetic sublevels of the excited fragments. These two conditions are ordinarily met in most cases. The appearence of an anisotropic spatial distribution of products in the fragmentation of a molecular system is well-known theoretically [5] and demonstrated experimentally for photon as well as for electron, fast ion-and neutral-particle impact [6] . The [7] . According to equation 2 , the degree of polarization should vary between 1/2 and -1/3.
Polarized fluorescence has been observed from electronically excited diatomic fragments in the photodissociation and predissociation of polyatomic molecules [8] . Rothe , Krause and Diiren [9] have observed -5 % polarized emission of excited Na(2p 3/2) atoms from photodissociation of Na2. The first example of polarized fluorescence from molecular ions produced by photoionization was recently observed in N2 [2] .
All these experiments show a degree of polarization within the limits defined by equation 2. Interest in the theory of fluorescence polarization in photofragmentation has recently been revived by an experiment on Ca2, where for the first time a large degree of polarization (64 %) was observed [10] . Furthermore, this result is in contradiction with the predictions of equation 2. Vigue and collaborators [10] explained this surprising result by the consideration of coherence effects between magnetic sublevels of the fragments. The interpretation was the following : the photodissociation of Ca2 with a photon energy of -3 eV is due to the excitation from the ground X '2: of a l Ilu state. This yields after dissociation one So atom and one I P I atom, the latter being in a coherent superposition of the magnetic sublevels m = ± 1. The maximum degree of polarization which can be obtained when this coherent superposition is taken into account is 78 %.
The calculation presented by Vigue and coll. [10] was performed in the same spirit as of the van Brunt and Zare's paper [4] , i.e., by convoluting the spatial orientation of products and the fluorescence intensity.
The difference of the results comes from the fact that in the van Brunt and Zare's work the excited atom is assumed to be populated in an incoherent superposition of the m = ± 1 magnetic sublevels and thus resulting in a smaller degree of polarization. It was concluded [10] that coherence effects in photodissociation processes are amenable to experimental evidence and that the case of Ca2 constitutes a striking example of this.
It should be noted at this point that the question considered here is intimately related to the phenomenon of orientation and alignment of atoms produced in photodissociation of molecules. Recently [11] , Vasyutinskii has reported a large degree of oriented cesium atoms, produced by photolysis of CsI molecules by circularly polarized light. In a recent theoretical paper [12] , he analyses the conditions under which this phenomena may be observed in other molecules. It turns out that these conditions are quite general and they make possible to obtain oriented atoms which many times cannot be obtained by ordinary methods.
The calculations presented by Vigue et al. [10] were performed by neglecting the molecular rotation. It seems important to develop a general quantum mechanical formalism which could include rotational effects as well. Also, it is interesting to study the conditions under which the degree of polarization can be calculated by the van Brunt and Zare's treatment [4] , i.e., by convoluting angular distributions and fluorescence from the fragments. Using the results of appendix C we have finally : i) the system is initially randomly oriented (sum over Mi), ii) the dissociation time is short compared with the fluorescence lifetime (Franck-Condon approximation for the fluorescence).
We shall delay the application of ( 16) Invoking now the Franck-Condon approximation-for the matrix element I (D); I &#x3E; = ( XViJilnj t cdJdd! Qi (D)1m Qd &#x3E; we can write :
with m = Qi -Qd and n = Qd -Qf. All the dependence on the final photon polarization ef is contained in the FK factors (see Eq. 14 and table I). Therefore, from equation 18 it is easy to show that the polarization ratio P = (III -7J/(/jj + ll) will be independent of J; in the axial recoil limit. Incidentally, equation 18 is the expression used by Vigue et al. [10] to interpret the results in Ca2 and in which they have neglected altogether the effect of rotation of the molecule.
Another important point to notice in equation 18 is the interference contribution to the cross section coming from the two Qd = + ) I Qd components. This interference was not taken into account by van Brunt and Zare [4] . Consider for example the case of a 'I -+ '17 -+ '2; transition. With the usual assumptions about electronic matrix elements [13] In particular, for excitation with linearly polarized light, the result without interference is the one obtained by van Brunt and Zare [4] , namely P = 14 %, while the result with interference is P = 78 %. We conclude that the interference between photodissociation amplitudes corresponding to different Qd = ± I Qd I components of the electronic angular momentum is crucial for the correct calculation of polarization ratios. (1 E --+ 1 n --+ 1 E transitions). This is the case of Ca2 studied in reference 10.
Using equation 16 Table IV. sotropy parameter of the fragment distribution fl is related to the classical rotation angle by [18, 19] The van Brunt and Zare's result for this case is [4] which is precisely the result obtained above without the interference between Qd = ± 1 (see Eq. 47). This is a direct quantum mechanical confirmation of the relationship between P and B, in the absence of interference and in the limit in which the rotation angle can be defined.
On the other hand, the calculation taking into account the interference effect produces a term linear in cos a, while fl depends only on cos' a. This demonstrates once more that the knowledge of fl is not sufficient to calculate P. In figure 1 iii) radiation' of the dipole; the internuclear axis is fixed at its asymptotic position. Fig. 2 ). We must average over the angles 0, w the excitation probability, which is given by Fig. 2 Jones [20] . Detailed results exist for Mg2 [21] and Zn2 [22] [25] ).
Some work has also been done on Ca2 isolated in rare gas matrices at low temperature [26, 27] . In one of these [27] the X 1Eg+ -+ 1 n u (dissociating into 1 S + 1 P) [10, 31] . The fraction F was using in both cases a beam with a 0.2 W power focused on a beam waist of radius mo = 28 u. The atomic fluorescence intensity saturates when the laser power increases as shown in figure 4 . The polarization P of the 1 P-1 S Ca fluorescence light was measured :
The presence of some stray light in the second case made this measurement more uncertain. As the detection apparatus is using a wide aperture lens ( f/0.8), the polarization ratio P is reduced. This reduction appears to be 0.02-0.03 according to the formulae of Zinsli [32] . figure 4 .
To calculate the polarization ratio of the fluorescence, we need the value of the rotation angle a for each level vi J; which contributes to the photodissociation signal (i.e. which fulfills condition (59)). Limiting the calculation to the term linear in J;, we get by a classical calculation [34] where Ro is the inner turning point of the classical motion for the level In u EJ d We give as an example the maximum value of J, denoted Jm, and the corresponding value of a-and P.
We need to calculate an average value of P. As a remains small and in that case P -7/9 -10 a2/ [35] Ez is the laser electric field, assumed to be linearly polarized. The validity of this formula has been studied in detail [36] ii) The depolarization effects (instrumental, rotation, saturation and possibly radiation trapping) are considered. We believe that the most important source of depolarization comes from the saturation effect.
5.4 SOME ADDITIONAL EFFECTS. - We would like to discuss here some other effects that could play a role in other cases but which seem negligible here : i) Alignment of molecules in the beam. Supersonic beams have been shown to produce aligned molecules [37] . The beam used in the Ca2 experiment was of the effusive type. This was verified in detail [31] .
ii) Non adiabatic effects in the photodissociation. Before discussing the validity of (C. 8) , (C. 9), we must point out the fact that the modulus of Z is not affected by the relative phases and edJd' This is highly satisfactory because in the present problem of emission of radiation in the asymptotic region of internuclear distance, the second atom of the molecule acts only as a spectator. Its presence should not affect the intensity of emitted radiation i.e. the modulus of Z.
The validity of (C. 8), (C. 9), is good if the following conditions are fulfilled :
the replacement of exact continuum wavefunctions by asymptotic formulae is justified only if the region in which these formulae are valid is large enough. Using (C. 5), we see that the neglected term in the phase difference between xd and Xf is : whose modulus is usually less than 2 J/KR (near resonance Kf ~ Kd ~ K) because Jd -Jf I 1. This phase difference is less than a specified value (say 10-2 radians) for :
(K is taken equal to 10 Å-1, corresponding for Ca2 to a kinetic recoil energy h2K 2/2 p -100 cm" 1 ). We guess that this lower limit is underestimated for a low J value because potential terms m Cn R -n dominate the centrifugal terms, but for a typical J value for Ca2 ( J = 50), this value is :
For the same value of K, the wavepacket in the excited state has a characteristic length for Ca2
Therefore the asymptotic region extends over a sufficiently large region to justify the validity of the present calculation. If the kinetic energy increases, R decreases and L increases, and the accuracy of the calculation increases.
Appendix D.
STUDY OF THE MATRIX ELEMENTS OF T(E). -In order to calculate the cross-section defined by equation 4, we need thL matrix elements ( a; ; k; e; I T(E) (Xf; kf ef & # x 3 E ; , which, using equation 5, can be written :
We need now the explicit form of the matrix elements of G +(E) which is the resolvent operator defined in equation 6 . Defining the projection operators :
it can be shown [ 18] :
where R(E+) is the level-width operator :
with E+ = lim (E + i n). We are thus interested in the matrix elements of R(E + ) in the P subspace. It is straight- In this work, we have assumed that dissociation is fast with respect to fluorescence. We thus invoke the Franck-Condon approximation, equation 15 , and the continuum wavefunctions are replaced by their asymptotic form. Using the results of appendix C, the J-dependence on the product disappears and the sum over J can be performed by the use of the normalization relations of the 3 j coefficients. Now, averaging this expression over M; (the molecule is randomly oriented), and using the normalization of the Wigner functions, we obtain equation 34. 
